E1 enzymes activate ubiquitin (Ub) and ubiquitin-like (Ubl) proteins in two steps by carboxy-terminal adenylation and thioester bond formation to a conserved catalytic cysteine in the E1 Cys domain. The structural basis for these intermediates remains unknown. Here we report crystal structures for human SUMO E1 in complex with SUMO adenylate and tetrahedral intermediate analogues at 2.45 and 2.6 Å , respectively. These structures show that side chain contacts to ATP?Mg are released after adenylation to facilitate a 130 degree rotation of the Cys domain during thioester bond formation that is accompanied by remodelling of key structural elements including the helix that contains the E1 catalytic cysteine, the crossover and re-entry loops, and refolding of two helices that are required for adenylation. These changes displace side chains required for adenylation with side chains required for thioester bond formation. Mutational and biochemical analyses indicate these mechanisms are conserved in other E1s.
Post-translational modification by ubiquitin (Ub) and ubiquitin-like (Ubl) proteins such as SUMO and Nedd8 regulate signal transduction pathways that contribute to differentiation, apoptosis, the cell cycle, and response to stress [1] [2] [3] [4] . The enzymes required for Ub/Ubl conjugation are conserved across evolution; E1s activate the Ub/Ubl for transfer to E2 conjugating enzymes, and E2s are combined with a wide array of E3 ligases to promote Ub/Ubl conjugation and to ensure substrate specificity [3] [4] [5] [6] . E1s activate Ub/Ubl proteins in two steps 7 . E1s use ATP and magnesium to adenylate the C-terminal Ub/ Ubl glycine, releasing pyrophosphate. The C-terminal Ub/Ubl adenylate is then attacked by a conserved E1 cysteine, resulting in release of AMP and formation of a thioester bond between the C-terminal Ub/Ubl glycine and E1 active site cysteine. E2s are then recruited to the E1 to transfer the E1,Ub/Ubl thioester adduct to a conserved E2 cysteine to form an E2,Ub/Ubl thioester adduct.
Crystal structures of SUMO, Nedd8 and ubiquitin E1s have been determined in complex with their respective Ub/Ubl proteins [8] [9] [10] [11] . These studies showed that E1s share a similar multi-domain architecture that includes two evolutionarily related adenylation domains that bind ATP?Mg and the respective Ub/Ubl, a C-terminal ubiquitinfold domain (UFD) that recruits E2s for thioester transfer, and a catalytic Cys domain that contains the active site cysteine. The Cys domain is linked to one of the two adenylation domains at one point by a crossover loop that passes over the C-terminal residues of the Ub/ Ubl protein and at another point by a re-entry loop. Although much has been learned from these studies, several pertinent issues remain with respect to E1 function. First, no Ub/Ubl adenylate has been observed in E1s capable of transferring Ub/Ubls to E2s, despite the presence of ATP?Mg and the respective Ub/Ubl. Second, all E1 structures determined thus far show the Cys domain and crossover loop in similar conformations that position the catalytic cysteine more than 30 Å from the presumed site of adenylation.
To capture intermediates formed during Ub/Ubl adenylation and thioester bond formation, we used a chemical approach involving the synthesis of SUMO derivatives that mimic the adenylate intermediate or form a covalent adduct to mimic the tetrahedral intermediate generated during thioester bond formation 12 . Crystal structures of the E1/SUMO adenylate analogue or E1,SUMO tetrahedral intermediate analogue were determined at 2.45 and 2.6 Å , respectively. These structures showed that the thioester bond formation half-reaction is accompanied by a 130 degree rotation of the Cys domain and remodelling of several structural elements of key functional significance, including the helix that contains the active site cysteine, the crossover and re-entry loops, and two helices that comprise part of the adenylation active site. The net result of these conformational changes is replacement of nearly half of the active site residues required for adenylation with residues from the Cys domain that are required for thioester bond formation. Mutational and biochemical analyses show that molecular interactions important for achieving these conformational changes during transitions from the substrate complex to adenylate intermediate to tetrahedral intermediate are probably conserved in other E1 enzymes.
E1 intermediate analogues
A non-hydrolysable mimic of the acyl adenylate intermediate (AMSN) was made by linking a cysteylglycylglycyl tripeptide to 59-(sulphamoylaminodeoxy)adenosine (CGG-AMSN) 12 . To trap a covalent adduct with the E1 active site cysteine, we synthesized a 59-(vinylsulphonylaminodeoxy)adenosine tripeptide variant (CGG-AVSN) 12 containing an electrophilic centre at the position predicted to be attacked by the E1 active site cysteine during thioester bond formation. These compounds were then coupled to human SUMO1, the yeast SUMO protein SMT3 or ubiquitin, which lacked the corresponding three C-terminal amino acids, by means of intein-mediated ligation 13 to generate human SUMO1-AMSN and SUMO1-AVSN, Saccharomyces cerevisiae SMT3-AVSN, and ubiquitin-AVSN ( Fig. 1a , b and Methods).
Incubation of SUMO E1 with SUMO1-AVSN resulted in formation of a cross-linked species that migrated on SDS-PAGE at a position similar to the E1,SUMO1 thioester adduct ( Fig. 1c, d) . Consistent with irreversible formation of a thioether linkage, the E1,SUMO1-AVSN adduct was stable during incubation with the thiol dithiothreitol (DTT), whereas the E1,SUMO1 thioester adduct was not. Serine substitution of the E1 catalytic cysteine confirmed that cross-linking was dependent on the cysteine 12 . Incubation of the S. cerevisiae SMT3 E1 with SMT3-AVSN or the ubiquitin E1 with ubiquitin-AVSN resulted in similar cross-linked adducts (Fig. 1d ). Cross-link formation between Ub E1 and ubiquitin-AVSN was dependent on its catalytic cysteine 12 . Similar to the E1,SUMO1-AVSN adduct, the E1,SMT3-AVSN and E1,Ub-AVSN thioether adducts were also resistant to thiolysis by DTT ( Fig. 1c) . The ability to generate the cross-linked species with several E1s demonstrates that our approach for capturing the presumed tetrahedral intermediate analogue may be applicable to other E1s.
Overall structures of the SUMO E1
A structure for E1/SUMO1-AMSN was determined by X-ray crystallography to 2.45 Å and refined to R/R free of 0.190/0.249 (Methods and  Supplementary Table 1 ). Electron density was evident for the covalent bond between SUMO1 and AMSN; thus, this adduct resembles the adenylate intermediate ( Supplementary Fig. 1 ). This structure shares many overall similarities to structures of the SUMO E1 bound to SUMO1/ATP?Mg 9 , including the relative conformations of the UFD and Cys domains 9 (Fig. 2) . For discussion purposes, we term this the 'open' conformation. As expected, contacts between amino acid side chains that coordinate the magnesium ion and ATP b-c phosphates, as observed in E1/SUMO1/ATP?Mg structures, were absent in the E1/SUMO1-AMSN structure. Another notable difference was that E1 amino acids 607-640 of UBA2 were observed in contacts with SUMO1 through a C-terminal SIM motif (amino acids 632-640; ELDDVIALD; Supplementary Fig. 2 ), although the functional significance of the SIM remains unclear because amino acids 550-640 are dispensable for human E1 activity in vitro and for yeast E1 function in vivo in S. cerevisiae 9 .
A structure for E1,SUMO1-AVSN was determined by X-ray crystallography to 2.6 Å and refined to R/R free values of 0.227/0.283 (Methods and Supplementary Table 1 ). Electron density was evident for the covalent bond between the E1 cysteine and the sulphonamide b-carbon of SUMO1-AVSN, which is analogous to the carbonyl carbon of the C-terminal glycine residue in the native SUMO1 adenylate intermediate, thus, this adduct resembles the tetrahedral intermediate ( Supplementary Fig. 1 ). This structure showed several important differences, including a distinct conformation for the Cys domain that is related by a 130 degree rotation and 3 Å translation (centre of mass) to that observed in other SUMO E1 structures ( Fig. 2 ; DynDom 14 ). For discussion purposes, we term this the 'closed' conformation. In the open conformation, one Cys domain surface rests on the SUMO activating enzyme subunit 1 (SAE1) amino-terminal helix and makes few contacts to ubiquitin-like modifier activating enzyme subunit 2 (UBA2), burying a total surface area of 2,650 Å 2 . In the closed conformation, a surface on the opposite side of the Cys domain becomes buried, making fewer contacts to SAE1 but interacting more extensively with UBA2 surfaces (total surface area 3,340 Å 2 ). The two interfaces include distinct sets of amino acid residues in the Cys and E1 adenylation domains ( Supplementary  Figs 3 and 4) .
Rotation of the Cys domain is accompanied by a 125 degree change in the path of the crossover loop and an orthogonal change in path for the re-entry loop. Analysis of the crossover loop shows its trajectory is altered over several residues (amino acids 164-168) whereas changes in the reentry loop are localized to Gly 381 and Asn 382 ( Fig. 3 and Supplementary Fig. 5 ). Furthermore, several elements that were structured in the 
ARTICLES
Cys domain in the open conformation become disordered in the closed conformation, including helices g3 and g4 and the loop joining them, the loop between H10 and H11 (g7 is disordered), and the loop between H11 and H12 ( Fig. 2c) . Perhaps most relevant for thioester bond formation, the H6 helix that contains the active site cysteine (amino acids 172-178) melts in the closed conformation and the catalytic cysteine is now observed adjacent to the catalytic machinery of the adenylation pocket and the SUMO adenylate (Figs 2 and 3 ).
There are also major conformational rearrangements in the adenylation domains of SAE1 and UBA2 subunits, respectively (Fig. 2b, c) . In SAE1, the N-terminal helices H1 and H2 that lie beneath the Cys domain and UBA2 helix 13 in the open conformation move out of the adenylation active site and become disordered in the closed conformation. In UBA2, the g1 helix (amino acids 53-57) that forms one side of the adenylation active site in the open conformation unfolds into a loop in the closed conformation that protrudes into space that was occupied by SAE1 helices H1 and H2 in the open conformation. Elements that move away from the adenylation active site in the closed conformation involve several residues known to be required for adenylation.
Cys domain elements are conserved in E1s
Many elements in the Cys domain are conserved at the level of sequence and structure in open forms of the Ub/Ubl E1s (Supplementary Fig. 4 ) including H6, H7, H12 and H13 in the SUMO E1 and respective helices in the Ub E1 and Nedd8 E1 ( Fig. 3a, c, d) . Also conserved are positions of the crossover and re-entry loops that precede or follow the first or last of the conserved helices in the Cys domain. Although distal from the active site in the open conformation, rotation of the Cys domain brings many of these conserved elements proximal to or in contact with the adenylate pocket in the closed conformation ( Fig. 3b ). In addition, the crossover and re-entry loops that were once separated by 10 Å or more in the open conformation come together in a parallel b-sheet in the closed conformation.
Also noteworthy are structural elements that cover the helix that contains the active site cysteine in the open conformation, as they must move to uncover the cysteine for thioester bond formation. Helix g4 plays this function in the SUMO E1 whereas residues 778-783 in the loop between helices H26 and H27 cover the active site cysteine in the Ub E1. No corresponding element exists in the Nedd8 E1 Cys domain, but the large insertion domain in the Nedd8 APPBP1 subunit (specifically helices 10, 13, and 18) is proximal to its active site cysteine (not shown). Each element contains acidic motifs that are directed towards the active site cysteine and we envision this arrangement creates an acidic environment that could raise the cysteine pK a , maintaining its protonated form to protect it from oxidative or chemical damage. These elements could also protect the E1,Ub/Ubl thioester adduct from attack by unwanted nucleophiles as evident in the structure of the doubly loaded and activated form of the Nedd8 E1 (ref . 11) . Elements that cover the SUMO E1 cysteine in the open conformation face away from the adenylate pocket or become disordered in the closed conformation.
Adenylation and thioester bond formation
Structures of E1 active sites that catalyse adenylation identified residues that contact ATP?Mg and the Ub/Ubl C-terminal glycine 8-10, 15 . These structures all show the catalytic machinery poised to facilitate adenylation because basic residues stabilize the pyrophosphate leaving group, magnesium stabilizes the a phosphate that probably undergoes inversion during expulsion of the leaving group, and the C-terminal carboxylate nucleophile is coordinated for catalysis through hydrogen bonding and charge complementarity via interactions with the N-terminal end of UBA2 helix H2.
The structure of the E1/SUMO1-AMSN adenylate mimic showed hydrogen bonding interactions between the SUMO1 C-terminal carbonyl oxygen and backbone amide of Ile 28. Interactions were also observed between the backbone amide of Gly 27 and one oxygen atom of the sulphamide moiety in SUMO1-AMSN, the presumed mimic of a phosphate non-bridging oxygen atom of the SUMO1adenylate (Fig. 4a ). The C-terminal carbonyl oxygen is pointed directly at the N-terminal end of helix H2, indicating that helix H2 is ideally positioned to constitute the oxyanion hole by providing complementary positive electrostatic potential for stabilization of the transition state and tetrahedral intermediate during thioester bond formation.
What mechanism underlies activation of the catalytic cysteine as a nucleophile for attack at the SUMO1 carbonyl carbon? The E1,SUMO1-AVSN structure showed that two oxygen atoms of the sulphonamide group, presumed to mimic the phosphate nonbridging oxygen atoms of the native leaving group (AMP), were coordinated by hydrogen bonding interactions with the UBA2 Thr 174 hydroxyl and the backbone amide atoms of Gly 27 and Ile 28 (Fig. 4b) . We also noted the position of His 184, a potential general acid/base catalyst, because it moved closer to the catalytic Cys 173 in the closed conformation in comparison to its position in the open conformation ( Supplementary Fig. 6 ). Although Thr 174 and His 184 are conserved in other E1s, mutational and biochemical analysis showed that neither is essential for activity ( Supplementary Figs 4 and 6) . Because no other side chains capable of acid/base catalysis were observed close enough to the active site to indicate a role in catalysis, we posit that the catalytic machinery of the adenylate pocket, namely the oxyanion hole provided by helix H2, is sufficient to stabilize transition states during adenylation and thioester bond formation. Remodelling is required for E1 activity The E1/SUMO1-AMSN structure showed that side chains contacting the Mg ion or ATP b-c phosphates in E1/SUMO1/ATP?Mg were no longer involved in contacts to the adenylate analogue ( Fig. 5a, b) . Furthermore, the E1,SUMO1-AVSN structure showed that many of these residues were fully displaced from the active site and replaced with residues from the Cys domain during thioester bond formation (Fig. 5c ). These data indicate that residues required for adenylation should be dispensable for the thioester formation half reaction. The reverse should also hold true. To test this hypothesis, we mutated residues in the SUMO and Ub E1 and assayed these mutant E1s for their ability to form the adenylate, thioester adduct, or tetrahedral intermediate via cross-linking to the Ub/Ubl-AVSN adduct. N-terminal SAE1 helices H1 and H2 are adjacent to the adenylation active site in E1 structures with SUMO1/ATP?Mg and SUMO1-AMSN ( Fig. 5a, b ). SAE1 Arg 21 in helix H2 contacts the ATP c phosphate and is important for adenylation in other E1s 8, 10 . A RLW motif in SAE1 composed of Arg 24, Leu 25 and Trp 26 side chains seems to stabilize the positions of the SAE1 H1 and H2 helices through hydrophobic interactions with UBA2 Pro 385, Ile 387 and Tyr 144 side chains. Mutation of Arg 21, the RLW motif, or deletion of the N-terminal 27 amino acids of SAE1, which removes helices H1 and H2, abrogated adenylation but had no effect on achieving the closed conformation during thioester bond formation, as evidenced by the mutant E1's ability to form a cross-link with SUMO1-AVSN ( Fig. 5d) . Thus, side chains within SAE1 amino acids 1-27 are required for adenylation but dispensable for achieving the closed conformation for cross-linking to SUMO1-AVSN, a result consonant with our structure because these elements are fully displaced from the active site in the SUMO1-AVSN structure (Fig. 5c) .
The UBA2 g1 helix and Lys 72 form another surface of the adenylation pocket and residues therein contact the ATP and adenylate ligands in the open conformation ( Fig. 5a, b) . Individual alanine substitutions for UBA2 Asn 56, Leu 57, Arg 59 and Lys 72 resulted in mutants defective for adenylation ( Fig. 5d) . While N56A and L57A mutant E1s readily formed cross-links with SUMO1-AVSN, R59A and K72A mutants lost about half of their cross-linking activity. These results are again consistent with our model because the g1 helix melts and is displaced from the active site in the E1,SUMO1-AVSN structure (Fig. 5c) . Amino acid residues within the SAE1 N-terminal helix and UBA2 g1 helix are highly conserved across evolution in Ub and Nedd8 E1 enzymes (Fig. 5f) . To test whether mutations of the analogous residues in the Ub E1 would block adenylation while maintaining the ability to achieve the closed conformation to form a cross-link with the Ub-AVSN analogue, we deleted the N-terminal 27 amino acids from the Ub E1 and made individual alanine substitutions of Leu 472 and Arg 474 (correspond to UBA2 Leu 57 and Arg 59, respectively). As predicted, each mutant isoform was unable to catalyse Ub adenylation as evidenced by the inability to form an E1,Ub thioester (Fig. 5e,  top) . In contrast, each mutant was active in cross-linking assays with Ub-AVSN, indicating that these mutations do not prevent the Ub E1 from achieving the closed conformation during thioester bond formation (Fig. 5e, bottom) .
We next turned our attention to residues conserved in SUMO, Ub and Nedd8 E1s that seemed important for achieving or stabilizing the closed conformation during thioester formation. The loop that contains the active site cysteine is coordinated by hydrogen bond interactions between the UBA2 Asp 50 side chain and backbone amide atoms of Asn 177 and Thr 178 ( Fig. 6c) . Asp 50 is conserved across evolution but is exposed to solvent in E1 structures in the open conformation ( Fig. 6a, b) . Alanine substitution of Asp 50 in SUMO E1 abrogated cross-linking activity with SUMO1-AVSN and thioester bond formation with SUMO1 but had no detectable effect on adenylation. The conservative glutamate substitution (D50E) had no effect on adenylation activity and retained minimal thioester formation and cross-linking activity (Fig. 6d) . Alanine substitution of the analogous aspartic acid in the Ub E1 also blocked thioester formation and cross-linking to Ub-AVSN ( Fig. 6e) . Thus, Asp 50 is essential for maintaining a productive closed conformation during thioester bond formation.
The UBA2 Arg 176 side chain projects into the active site in the closed conformation where it participates in bipartite salt-bridging interactions with Asp 117 (2.7 Å and 3.1 Å ; Fig. 6c) . In the open conformation, Arg 176 interacts with the g4 helix in the Cys domain, whereas Asp 117 has an essential role in adenylation by coordinating the magnesium ion in the ATP?Mg complex (Fig. 6a) . Alanine substitution of UBA2 Arg 176 resulted in a slight defect in cross-linking F170  K190  I384 I384  P171   G381   N382   T174   R176  C173  C173   AVSN   3 3 3  H 3  H 3  H 3  3 3 3 3 3 activity and thioester bond formation while maintaining nearly wildtype adenylation activity (Fig. 6d ), whereas mutation of the analogous position in Ub E1 (Lys 596) resulted in no apparent defect in cross-linking or thioester formation (Fig. 6e) . In contrast, UBA2 D117A and Ub E1 D537A blocked adenylation and abrogated cross-linking activity to low levels ( Fig. 6d, e ). We proposed that the remaining charged side chain in either single mutant might be rescued by eliminating the unpaired charge in the double mutant. As predicted, both UBA2 D117A/R176A or Ub E1 D537A/K596A double mutants rescued wild-type activity in the cross-linking assay (Fig. 6d, e) .
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The crossover loop and re-entry loops alter conformations in the open and closed forms of the E1 by 90 degrees or more ( Fig. 3e, f) . To determine whether conformational changes in the crossover loop had an impact on E1's ability to catalyse adenylation or thioester formation, we made UBA2 K164A, P165G, T166V, R168P, F170A, P171A, I175A and N177D substitutions. No single point mutant exhibited significant defects in adenylation, thioester formation, or cross-linking (not shown), consistent with conformational changes occurring over several residues in the crossover loop. In contrast, conformational changes are localized between two amino acids, Gly 381 and Asn 382, in the re-entry loop. N382P and G381P/N382P diminished or abrogated thioester formation with SUMO1 or cross-linking to SUMO1-AVSN, respectively, without reduction in adenylation activity (Fig. 6d) . The single point mutation corresponding to UBA2 N382P in the Ub E1 (K850P) also abrogated cross-linking activity and thioester formation (Fig. 6e) . These data are consistent with our structure and indicate that conformational changes observed for the closed conformation of the SUMO E1 are important for E1 activity.
Conclusions
Structures of the SUMO E1 in complex with mimics of the SUMO adenylate and tetrahedral intermediates have shown marked conformational changes that accompany adenylation and thioester bond formation. Domain alternation of the Cys domain is not sufficient to catalyse thioester bond formation as a number of other conserved structural elements of key functional significance in the Cys and adenylation domains undergo remodelling to allow the cysteine access to the adenylate pocket. The structural changes that accompany the transition between the open and closed forms of the E1 are notable in their complexity and are, to the best of our knowledge, without precedent in the literature. That is not to say that domain alternations have not been observed; in fact, rigid body domain alternations of similar magnitude (,140 degrees) have been described for the ANL family of enzymes, so named for its constituent family members that include acyl-CoA synthetases, adenylation domains of nonribosomal peptide synthetases, and firefly luciferase 16 . Although structurally unrelated to the Ub/Ubl E1 family, domain alteration in the ANL family has been proposed to create distinct active sites which are uniquely equipped to push the reaction forward during each catalytic step. We believe this also holds true for members of the Ub/Ubl E1 family.
What catalytic advantage is gained by active site remodelling in the Ub/Ubl E1s? Although Ub/Ubl E1 and ANL family members catalyse adenylation of a carboxylate to form an acyl adenylate intermediate followed by a second half-reaction that involves formation of a thioester, domain alternation is sufficient for catalysis in ANL enzymes without active site remodelling, presumably because these enzymes catalyse adenylation and thioester formation on diffusible ligands. We posit that domain alternation in Ub/Ubl E1s must be combined with active site remodelling because adenylation and thioester formation reactions result in a product that cannot diffuse away due to the covalent thioester bond between the Ub/Ubl and E1. So how does active site remodelling push the E1 reaction forward? If adenylation is catalysed in the open configuration, conformational changes before thioester bond formation would dismantle the active site and favour adenylation by releasing pyrophosphate to prevent the reverse reaction, namely attack of the adenylate by pyrophosphate to reform ATP (a distinct possibility because this step is rate limiting 17 and because all Ub/Ubl E1 enzymes characterized thus far in the open configuration are bound to ATP, despite the presence of the Mg cofactor and Ub/Ubl substrate). Displacement of residues required for adenylation would also remove steric impediments that could block the active site cysteine from coming in direct contact with the Ub/Ubl C-terminal carbonyl carbon during thioester bond formation. Once the thioester bond is formed, the Cys domain rotates away from the active site, releasing AMP and allowing the adenylation active site to reform to bind ATP?Mg and the next Ub/ Ubl substrate, once again favouring the forward reaction by blocking the reverse reaction. Loading a second Ub/Ubl to block the reverse reaction provides one additional reason for why E1s are more efficient at transferring the Ub/Ubl to an E2 when doubly loaded 11, 18 .
Structures of the SUMO E1 described here provide unique insight to the chemical mechanisms used for adenylation and thioester bond formation. Our structures indicate that helix H2 contributes to transition state stabilization by providing an oxyanion hole to promote transfer between acyl phosphate and thioester intermediates. No other amino acid side chains capable of general acid/base chemistry were observed in the vicinity of the active site in the closed conformation, indicating that thioester bond formation is facilitated by transition state stabilization and by placing the cysteine nucleophile proximal to the adenylate. The notable absence of general acid/ base catalysis in the E1 active site is, perhaps, reminiscent of some E2s, which catalyse isopeptide bond formation by pK a suppression of the nucleophile and transition state stabilization [19] [20] [21] .
The unique structure of the Cys domain in the closed conformation may also have implications for thioester transfer between the E1 and E2. The landmark structural work on the doubly loaded Nedd8 E1 showed one Nedd8 bound in the adenylation pocket, one Nedd8 linked to the Nedd8 E1 Cys domain by a thioester bond, and the E2 Nedd8 conjugating enzyme UBC12 bound to the UFD in a conformation that brought the E1 and E2 catalytic cysteine residues to within 20 Å (ref. 11). However, it is interesting to note that because the Nedd8 E1 was in the fully open conformation, the E1 active site cysteine pointed away from the E2. We modelled a path for the Cys domain during its alternation and were able to bring the E1 catalytic cysteine to within 3.5 Å of the UBC12 active site, indicating that thioester transfer between the E1 and E2 may occur when the Cys domain achieves an intermediate state between closed and open conformations. Domain alternation has also been observed in HECT E3 ligases 22 and we speculate that active site remodelling could also have a role in thioester transfer between E2s and HECT E3 ligases because the mechanism underlying this process remains elusive. E1s are now validated targets for small molecule inhibitors 23 and our structural data indicates that several distinct conformations of the E1 along the path through adenylation and thioesterification could be targeted for therapeutic intervention. In a final note, domain alternation and active site remodelling as observed for the SUMO E1 may provide a broader conceptual framework to understand other multistep biochemical processes better.
METHODS SUMMARY
Proteins were expressed in E. coli and purified to homogeneity 9, 24 . Ub/Ubl-AMSN and Ub/Ubl-AVSN adducts were generated using intein-mediated ligation 12, 13 . SUMO E1/SUMO1-AMSN and E1,SUMO1-AVSN were purified, crystallized, and their structures determined by molecular replacement using the structure of E1/SUMO1/ATP?Mg as the search model 9 . SUMO E1 and Ub E1 mutants were generated by PCR-based mutagenesis and proteins purified as described earlier. E1,Ub/Ubl thioester formation and cross-linking assays were performed as described 9 using native Ub/Ubl or Ub/Ubl-AVSN, respectively. Adenylation assays were performed in a reactions containing 2.5 mM hE1, 5 mM SUMO1, 5 mM MgCl 2, 20 mM HEPES, pH 7.5, 50 mM NaCl and 200 mM ATP, incubated for 5 min at 25 uC, desalted to remove excess ATP?Mg and pyrophosphate, and analysed by SDS-PAGE. NATURE | Vol 463 | 18 February 2010 
